The colossal magnetoresistance (CMR) exhibited by the pyrochlore compound Tl 2 Mn 2 O 7 was discovered in 1996. Important differences with CMR Mn-perovskite compounds regarding crystal structure and electronic properties were soon realized, indicating the possibility of different mechanisms for CMR being present. Recently, new pyrochlore compounds exhibiting CMR were prepared. The larger experimental background now existent, has received diverse interpretations. In the present work, we aim to contribute to the understanding of the properties of Tl 2 Mn 2 O 7 through the study of a generic model for the compound, including Hund and superexchange couplings as well as hybridization effects (HS model). The model includes two kinds of electronic orbitals, as widely believed to be present: one, directly related to the magnetism of the compound, involves localized Mn moments, represented by spins, and a narrow band strongly Hund-coupled to them. Also, more extended electronic orbitals, related to the carriers in Tl 2 Mn 2 O 7 , appear and hybridize with the narrow band. The possibility of a superexchange coupling between the localized spins is also allowed for. This generic model allows exploration of many of the proposals put forward by other researchers for 1 Tl 2 Mn 2 O 7 . As a first approach to the problem, here we employ a mean field approximation to study the magnetic phase-diagram and electronic structure of the HS model, for various sets of parameters mentioned before in connection with the compound. Furthermore, we are able to exhibit similarities with predictions obtained in 1997 using an intermediate valence model for Tl 2 Mn 2 O 7 , if appropriate sets of parameters are used. In particular, we show here many common features which can be obtained for the electronic structure around the Fermi level in the ferromagnetic phase. Due to the simplifications adopted in the present treatment the comparison between the models could not be extended to higher temperatures here.
Since its discovery in 1996, 1-3 the colossal magnetoresistance (CMR) exhibited by the pyrochlore compound Tl 2 Mn 2 O 7 posed many interesting questions. First among them, whether a common fundamental mechanism could be responsible for the origin of CMR both in this compound and in the larger family of perovskite manganese oxides, 4 which have different crystal structure and electronic properties. The recent appearance of CMR in other compounds with the pyrochlore crystal structure 5, 6 exhibiting long range ferromagnetic ordering, and the larger experimental background now existent, allow a better standpoint to approach the theoretical description of this compound.
Tl 2 Mn 2 O 7 undergoes a ferromagnetic transition with critical temperature 2, 6 T c ∼ 125K
(also reported 1,3 as 140K), below which temperature the compound exhibits long range ferromagnetic ordering and is metallic. A sharp decrease in resistivity with the development of spontaneous magnetization below T c , and the magnetoresistance maximum around T c with field induced magnetization, which are similar to those of CMR Mn-perovskites, indicate that a strong coupling between transport and magnetism also exists in Tl 2 Mn 2 O 7 . 1-3 But important differences have been established with respect to the CMR perovskites, starting from its A 2 B 2 O 7 "pyrochlore" crystal structure. 7 No Mn 3+ has been detected, 1, 3, 8 so that the associated Jahn-Teller structural distortions 9 as well as a possible double exchange (DE) mechanism 10 inducing ferromagnetism between Mn 3+ -Mn 4+ pairs, studied in connection with CMR in perovskite manganites, 4,9 are absent. The crystal structure is almost temperature independent around T c , no structural anomalies appear which could be associated with the change in magnetotransport properties, thus evidencing negligible spin-lattice correlations. 16 The possibility of a superexchange coupling between the localized spins being present is also considered.
1,3,25,26,16
Concretely, the generic model that we have studied is described by the Hamiltonian
where:
In A Heisenberg exchange term is also included in the spin Hamiltonian H S to allow for a superexchange interaction J S effective between the local moments of nearest neighbor Mn ions. The sign convention was chosen such that any positive spin coupling constant describes a ferromagnetic (FM) interaction, while negative ones will denote antiferromagnetic (AF)
coupling.
To study the magnetic phase diagram and electronic structure of the system described by the general Hamiltonian introduced above [hereafter to be denoted also as the Hundsuperexchange (HS) model], we have employed the mean field approximation as briefly discussed below.
A. Ferromagnetic phase
We investigated the existence of a uniform ferromagnetic phase, introducing two order parameters to characterize it:
denoting by < O > the thermal (quantum) average of operator O in the system at temperature T (T = 0, for the system in its ground state).
The corresponding mean-field Hamiltonian, after Fourier transforming the band terms, takes the form
where the Hund and Heisenberg exchange couplings have been decoupled as usual in mean field approximation. N stands for the total number of lattice sites, z is the coordination number, and we have definedǫ
in terms of the dispersion relations for the bare c and d bands, ǫ c k = −t c δ e −ik·δ and 
which represent the ferromagnetic bands for spin σ. At a given temperature T , and for a fixed total band filling n, the magnetization order parameters can be calculated self-consistently through their definitions, Eqs. (3) and (4), while the chemical potential can be determined by the self-consistency condition for the total number of electrons occupying the ferromagnetic bands. We chose to rewrite this in terms of the original c and d band fillings (denoted < n c > and < n d >, respectively):
Finally, the free energy per site of the ferromagnetic solution,
is evaluated as the sum of three terms: the band free energy, the localized spins contribution, and additive energy constants. These terms are respectively given by
The last term in Eq. (12) must be added to compensate for the inclusion of the chemical potential in the Hamiltonian defined previously. Notice that we are dropping the Boltzmann constant, which implies that temperature will be expressed in the same units as energy.
B. Antiferromagnetic phase
We also investigated the existence of an antiferromagnetic phase. Such long-range magnetic ordering would appear frustrated in the real pyrochlore lattice, but as a first approach, we study here a simplified version of the problem on a cubic lattice. In this case, the lattice is divided into two interpenetrating equivalent sublattices with opposite magnetizations, labeled A and B respectively. By symmetry, only two order parameters which describe the sublattice magnetizations characterize this phase:
where both M and m are positive-defined quantities.
The procedure used to determine the antiferromagnetic solution in mean field approximation is similar to the one presented above for the ferromagnetic phase. For completeness, we will only include here the form assumed by the mean-field Hamiltonian, H MF AF , written in terms of operators characterizing the two interpenetrating sublattices:
Here we have introduced two-site unit cells to describe the AF lattice and used the following
; explicit indication of sublattice is made for localized-spin operators; δ 0 is a vector connecting the two sites (one belonging to each sublattice) inside a unit cell. Notice that the wave-vector sums are now performed over the reduced Brillouin zone of the AF lattice.
The determination of the self-consistent AF solution follows along the same lines as in the FM case, except that we have to obtain numerically the eigenvalues and eigenvectors of the itinerant part of the effective Hamiltonian (15), as we are now dealing with a 4x4 matrix.
III. RESULTS AND DISCUSSION
In this section we present some of the results we have obtained for the generic HS model introduced in the previous section using many different sets of parameters: including those which have been suggested by various authors 22, 25, 26, 16 as possibly relevant for the description of Tl 2 Mn 2 O 7 . We want to stress that even with the simplifications adopted in the present treatment, notwithstanding the known over-estimation of critical temperatures and other limitations to be mentioned, which are inherent to the mean-field approximation used, it is nevertheless interesting to be able to exhibit features in common with the different models that have been proposed for Tl 2 Mn 2 O 7 if appropriate relevant sets of parameters are chosen.
This will be the aim of the presentation of results and discussion in this section.
For simplicity and without much loss of generality, we assume the localized spins to have S = 1/2. In this case, the mean-field self-consistency equations for the magnetization order parameter M [Eqs. (3) and (13), respectively], assume the simple form
where the upper (lower) sign corresponds to the ferromagnetic (antiferromagnetic) solution.
We have assumed a three-dimensional simple cubic lattice (z = 6), and used a semielliptic approximation for the bare densities of states (DOS). The c band half-bandwidth W = zt c is used as the energy unit. To fix ideas in the following discussion we will choose that value to be ≃ 1 eV, in qualitative agreement with experiments and band-structure calculations. 22, 26 We also consider anti-homotetic bands, i.e., t d = −α t c , α being a (positive) narrowing factor. This would be consistent with an electron-like c band related to the mobile carriers, 1,22,26 and a narrower hole-like d band.
26,22
We have investigated the existence of magnetically ordered solutions for many sets of A fact worth noticing is a symmetry manifest in the mean-field Hamiltonians (Eqs. (5) and (15) The subtle interplay of the different parameters which has been shown to determine the magnetic ordering in the HS model, in particular needed to obtain a ferromagnetic ground state for example, can be quite easily understood if one analyzes the corresponding electronic band structure. As seen in Fig. 3 , where we plot the density of states decomposed in terms of the original bands, we find that for the parameter ranges in which ferromagnetism is clearly stable for the HS model, strong spin differentiation exists in the electronic structure.
A band gap connected to the majority-spin orbitals is present at the Fermi level (E F ), while a finite density of states at E F is obtained mainly for the minority-spin conduction band c ↓ . For the fillings which have been discussed above, the chemical potential of the system is located near a hybridization band gap edge (see Fig. 3 ), providing occupation of the different orbitals in qualitative agreement with previous electronic structure calculations. support the prediction of drastic carrier density changes near T c , related to conduction band changes due to the development of magnetization, as being the main sources for the observed magnetotransport properties.
23,14,17
Due to the simple mean-field approximation adopted, only at low temperatures, when the system is fully polarized, are our phase diagram results trustful, and the electronic structure results suitable for comparison with those obtained before using the IVM. 23 The effect of spin-polarization by the Hund interaction is not correctly estimated here at higher temperatures, being included only through the mean field magnetization order parameters.
In fact, an investigation of the critical temperatures obtained here also evidenced problems related to the inability of the MFA employed to treat adequately the strong Hund correlations: the Curie temperatures obtained are found to decrease as hybridization is increased (which one would tend to connect with negative pressure coefficients for T c as experimentally A strongly spin-differentiated electronic band structure, with drastic changes in the conduction bands around the critical temperature, seems a natural way to explain such abrupt carrier concentration changes. The presence of hybridization gaps or pseudogaps which, depending on the spin orientation of the carriers, might change drastically at T c would allow for such a scenario.
The present paper is a first approach to show how such a scenario, first proposed for This narrow band also shows strong hybridization with a broader conduction band, related to the carriers in the compound. The possibility of a superexchange interaction between the localized spins is also allowed for in the generic model, thereby including many of the proposals presented before for this compound. The electronic structure of the HS model was also investigated, obtaining for the ferromagnetic case a strong spin differentiation and the presence of a minority-spin metallic channel, thus exhibiting many similarities with the electronic structure derived from the IVM for this ordered phase. The simple mean-field approach adopted here is unsuitable to describe adequately the effects of the Hund interaction as temperature is increased. This limits the validity of our results to temperatures well below the critical one. It also prevents us from discussing the ability of the Hund-superexchange model to describe the pressure dependence 5, 15, 16 of T c in its various parameter regimes. and hybridization effects, in accordance with previous suggestions. 16, 6 Careful analysis of spectroscopic experiments is needed to elucidate conclusively whether the drastic changes observed in carrier concentration are mainly related to magnetization-related changes of the conduction bands themselves and/or shifts of the conduction band edges.
14,17
ACKNOWLEDGMENTS
We especially thank Blas Alascio for enlightening discussions, and acknowledge finan- 
